To evaluate the association between birth weight and adult body composition in twins, controlling for maternal and genetic influences. DESIGN: Twins were randomly selected from the East Flanders Prospective Twin Survey, a population-based historic twin cohort. SUBJECTS: Male members of 229 twin pairs between 18 and 34 y of age who participated in the Prenatal Programming Twin Study. MEASUREMENTS: Adult body mass, height, BMI, lean body mass, sum of skinfolds and waist-to-hip-ratio. Lean body mass, sum of skinfolds and waist-to-hip-ratio were also adjusted for body mass. Intra-pair difference in adult anthropometric measures between the heaviest and the lightest twin at birth. RESULTS: Per kg increase in birth weight, body mass (4.2 kg), height (3.3 cm), lean body mass (3.1 kg) and to a lesser extent BMI (0.49 kg=m 2 ) increased, whereas waist-to-hip-ratio ( 7 1.4%) and sum of skinfolds ( 7 0.11 s.d.) decreased, when adjusted for body mass. In a pair-wise analysis, the heavier twin at birth was taller and heavier as an adult, but, when adjusted for body mass, he had a lower waist-to-hip-ratio, less subcutaneous fat, and more lean body mass, compared to his lighter sib. Intra-pair difference in body composition was associated with intra-pair birth weight difference in monozygotic and dizygotic twins. CONCLUSIONS: An adverse intra-uterine environment, as measured by birth weight, is associated with more subcutaneous and abdominal fat and less lean body mass in adulthood. This association is independent of maternal and genetic influences. However, we cannot exclude the existence of genes that act on both birth weight and adult body composition.
Introduction
The increasing prevalence of overweight and obesity over the last 30 y poses major public health concerns in most industrialised countries. It has been suggested that the intrauterine environment may be critical for the development of obesity. 1 Several studies have shown that people who were heavy at birth or at 1 y of age tended to be more obese as adults, defined as being heavy in relation to height. 2, 3 Others found that those who were light at birth tended to have more abdominal or truncal fat later in life, 4 -8 which is a major risk factor for many health-related complications. 9, 10 Undernutrition during pregnancy may alter the endocrine regulatory mechanisms or cause abnormalities of the adipocytes. 11, 12 An alternative explanation is that the same genetic factors may influence birth weight as well as adulthood body composition. Recently, Hattersley et al 13 provided evidence for a gene that may underly the birth weight -adult disease relation. They found a mutation in the glucokinase gene that not only results in hyperglycaemia in adulthood, but also reduces foetal growth.
Genetic and environmental causes can, however, be separated through studies of twins. Twins share the same maternal environment, have the same gestational age, and in the case of monozygotic twins, they are genetically identical. By comparing the members of a twin pair these potential confounding maternal and genetic characteristics are controlled and the influence of the foetoplacental environment, unique to each foetus, can be estimated.
In the present study we investigated the association between birth weight and adult body composition, in particular lean body mass, subcutaneous fatness and fat distribution in male twins. By investigating the association between the intra-pair difference in birth weight and adult body composition, we eliminated maternal characteristics that potentially could confound this association and we reduced or eliminated genetic influences in dizygotic and monozygotic twins, respectively. Accordingly, we hypothesised that the heaviest twin at birth would have a more favourable body composition as an adult compared to his lighter sib.
Methods

Participants
The study sample consisted of 229 twin pairs between 18 and 34 y of age, of whom 179 pairs were male same-sex and 50
were unlike-sex (see Figure 1 ). Only male twins were eligible for the present study. Therefore, of the 50 unlike-sex pairs, only the male member was included. Of 20 pairs of the 179 male same-sex pairs only one of both members participated. In all, 388 subjects participated in the examinations.
All twins were randomly selected from the East Flanders Prospective Twin Survey (EFPTS). This population-based survey prospectively registers all twins born in the Belgian Province of East Flanders since 1964. It is characterised by its extensive collection of perinatal data at birth and placental examination within 24 h after delivery. Zygosity is determined through sequential analysis based on sex, foetal membranes, umbilical cord blood groups, placental alkaline phosphatase and DNA fingerprints. A detailed description of the EFPTS has been given by Loos et al.
14 Between July 1964 and May 1982 EFPTS registered 2141 twin pairs who met the WHO prescriptions (birth weight ! 500 g or gestational age ! 22 weeks, when birth weight was unknown). Pairs of whom one or both members were stillborn, died neonatal or later in life, or suffered from major congenital Figure 1 Flow chart illustrating the allocation of subjects.
Birth weight and body composition in twins RJF Loos et al malformation were excluded, resulting in 1780 twin pairs of whom 95 pairs could not be traced because they had moved abroad or changed address. We randomly contacted 356 male same-sex and 104 unlike-sex pairs by mail. To assure equally distributed groups we stratified for birth year and zygosity=chorionicity. Eventually, 229 pairs (overall response of 49.7%) agreed to participate in the Prenatal Programming Twin Study (PPTS). Because of severe scoliosis anthropometric measurements of one subject were not performed. The twins gave informed consent and the project was approved by the Local Committee of Medical Ethics.
Measures
Birth weights were obtained from the obstetric records, at birth. Gestational age was reported by the obstetrician and was calculated as the number of completed weeks of pregnancy, based on the last menstrual period. Birth weights were also expressed as standard deviation scores of their respective means per week of gestation (Z-scores), to estimate the relative position of birth weight for a given gestation. The reported relative difference in birth weight (%) was calculated between heavier and lighter twins: ((heavier7lighter)=heavier)Â100. Between February 1997 and April 2000, all twins visited our research centre for a 2 h examination, which took place in the morning. Anthropometric measurements were performed by two trained researchers according to standardised procedures. The intra-class correlation for inter-observer reliability reached 0.93 -0.99. Subjects were measured barefoot and lightly clothed. Standing height (cm) was measured with a Harpenden fixed stadiometer and body mass (kg) on a balance scale (SECA, Hamburg, Germany), respectively to the nearest 0.1 cm and 0.1 kg. Waist and hip circumference were taken with a flexible steel tape to the nearest 0.1 cm. Waist circumference was taken between the costal margin and the iliac crest, and hip circumference at the widest part of the hips, generally at the level of the greater trochanters. Five skinfolds were taken, in duplicate, to 0.1 mm accuracy with a Harpenden skinfold calliper at biceps, triceps, subscapula, supra-iliaca and calf. Lean body mass (kg) was estimated by using the bioelectrical impedance analyser BIA310 (Biodynamics, Seattle, WA, USA). We calculated body mass index (BMI, kg=m 2 ) as a measure for overall body composition and waist-to-hip-ratio as measure of abdominal fat distribution. For clarity waist-to-hip-ratio was expressed as a percentage. The five skinfolds were summed to assess overall subcutaneous fatness.
Statistical analyses
Twins were considered both as individuals and as members of twin pairs for particular analyses. First, we performed a multiple regression analysis to evaluate the relation between birth weight and body composition. Means and standard deviations are presented per category of birth weight, both unadjusted and adjusted for body mass. Adjustment was performed by linear regression, but only for subjects with a body mass of less than 100 kg because of non-linearity above this point. Therefore, six subjects were excluded for adjustment.
In a second series of analyses we examined whether a combination of 'unfavourable' anthropometric measures is associated with low birth weight. Therefore, we created three dichotomous variables, for sum of skinfolds, waist-to-hipratio and lean body mass, that were set to '1' when the observed value was above median for sum of skinfolds and waist-to-hip-ratio and below median for lean body mass, else they were set to '0'. The three scores were added, giving a total score ranging between 0 and 3. We considered body composition 'unhealthy' (score 3) when waist-to-hip-ratio and sum of skinfolds were above median and lean body mass was below median. When only one or two of these conditions were present the score was respectively 1 and 2. Body composition was 'healthy' (score 0) when waist-to-hip-ratio and sum of skinfolds were below median and lean body mass was above median.
Finally, pair-wise analyses were performed to examine the hypothesis that the twin member with the highest birth weight would have a more favourable adult body composition compared to his lighter sib. As the intra-pair birth weight difference increases we expected that the intra-pair difference in body composition would increase in favour of the heaviest at birth. The intra-pair differences for anthropometric measures were calculated as the difference between the heaviest at birth minus the lightest at birth. We used the Wilcoxon matched-pairs signed-rank test to test the intrapair differences in anthropometry, according to three levels of intra-pair birth weight difference (5 -< 10%, 10 -< 15%, ! 15%). We tested for a trend by means of a regression analysis between intra-pair birth weight difference, considered as a continuous variable, and intra-pair difference in adult body composition. The pair-wise analyses were restricted to same-sex pairs, of whom both members participated (n ¼ 159 pairs).
We log-transformed sum of skinfolds before analysis because of its skewed distribution, tables represent geometric means. In the regression analysis, the standardised slope is given, which indicates the number of standard deviation changes in sum of skinfolds with a standard deviation change in birth weight. Data analyses were performed using SAS version 6.12 (SAS Institute Inc., 1997). All P-values are two-sided and were considered statistically significant if they were < 0.05.
Results
Birth weight, gestational age, age and unadjusted anthropometric characteristics are given in Table 1 . Age and adult body composition were similar for monozygotic and dizy-gotic twins. Birth weight was 145 g lower (P < 0.01) and gestational age was 0.8 weeks shorter (P ¼ 0.01) for Birth weight and body composition in twins RJF Loos et al monozygotic twins, compared to dizygotic twins. Perinatal and maternal characteristics of the participants are representative for the East-Flanders twin population.
Birth weight and adult body composition
Birth weight was significantly associated with body mass and height (Table 2) . Per kilogram increase in birth weight, twins were 3.3 cm taller and 4.2 kg heavier as adults, resulting in a difference of 5.3 cm in height and 7.5 kg in body mass between the extreme birth weight categories. Also BMI showed an increasing trend, signifying that the increase in body mass was proportionally more pronounced than the increase in height. Lean body mass, mainly representing muscle mass, was significantly positively associated to birth weight, running parallel with the increase in body mass. Sum of skinfolds was rather inverse U-shaped in relation to birth weight, whereas waist-to-hip-ratio showed no relation. Because of the high correlation between body mass, on the one hand, and sum of skinfolds (r ¼ 0.70), waist-to-hip-ratio (r ¼ 0.50), and lean body mass (r ¼ 0.88), on the other, we adjusted these anthropometric measures for body mass. Adjusted lean body mass showed a small, but significant, increase with birth weight. Adjusted sum of skinfolds and waist-to-hip-ratio were significantly inversely related to birth weight.
When birth weight was expressed as standard deviation score for gestational age (Z-score) the association with adult body composition was even more pronounced (Table 3) . Twins heavy for gestational age (Z-score ! 1) were on average 7.2 cm taller and 10.7 kg heavier compared to twins who were light for gestational age (Z-score < 71). Much of the surplus in body mass of the heaviest twin at birth can be attributed to lean body mass, of which the difference between the extreme birth weight classes amounted to 7.9 kg. Body composition, adjusted for body mass, showed that per increase of 1 s.d. in birth weight for gestational age, lean body mass increases with 0.64 kg, and sum of skinfolds and waist-to-hip-ratio decrease, respectively with 0.21 s.d. and 0.97%.
There were no associations between gestational age and adult body composition. Consequently, gestational age was not introduced as a covariate in the analysis.
Birth weight of 'healthy' and 'unhealthy' body composition Twins with a 'healthy' body composition weighed more (P < 0.001) than twins with an 'unhealthy' body composition, on average 219 g, and (Figure 2 ) 178 g when anthropometric measures were adjusted. The more 'unhealthy' Birth weight and body composition in twins RJF Loos et al characteristics a person accumulates, the lower his birth weight was. This trend is especially clear when anthropometric measures were adjusted for body mass. When birth weight was expressed as Z-score for gestational age, we found even more pronounced differences between the 'healthy' and 'unhealthy' profiles ( Figure 3 ).
Pair-wise analysis: the heaviest vs the lightest twin
The intra-pair difference in birth weight was positively associated with the intra-pair differences in height and body mass in monozygotic as well as in dizygotic twins (Table 4) . In dizygotic twins, the heaviest at birth weighed 7.2 kg more and was 4.4 cm taller at adulthood than his Birth weight and body composition in twins RJF Loos et al lighter sib when the intra-pair birth weight difference exceeded 15%. Differences were significantly less pronounced (P ¼ 0.036) in monozygotic twins, with 2.7 kg difference in body mass when the intra-pair birth weight difference was more than 15%. Adult height differences were already apparent with a 5% intra-pair birth weight difference, increasing from 0.7 to 1.9 cm. The intra-pair difference in lean body mass ran parallel with the intrapair difference of body mass, and was positively associated with the intra-pair birth weight difference. Sibs did not differ for sum of skinfolds and waist-to-hip-ratio. However when the difference in body mass was taken into account (adjusted), the intra-pair birth weight difference was inversely related to the intra-pair difference in sum of skinfolds and in waist-to-hip-ratio. This inverse trend was more pronounced in dizygotic (P < 0.01 and P ¼ 0.03, respectively) than in monozygotic (P ¼ 0.1 and P ¼ 0.07, respectively) twins. The positive association with lean body mass remained present, but was less pronounced. Intra-pair birth weight differences of less than 5% did not result in any significant intra-pair difference in adult body composition.
Discussion
Our findings support the association between birth weight and adult body composition, but refine previous findings by considering also lean body mass, subcutaneous fat and fat distribution. Adult height and body mass are positively associated with birth weight. Although heavier twins at birth are heavier and taller as an adult, their body composition is more favourable, having proportionally less subcutaneous fat, less abdominal fat, and more lean body mass, compared to lighter twins. The pair-wise analysis of twins, which allows control for potential maternal and genetic confounding influences, confirms this. As the intra-pair birth weight difference increases, the intra-pair difference in adult body composition is more pronounced, with the heaviest being taller and heavier, but having proportionally more lean body mass, less subcutaneous fat, and less abdominal fat than his lighter sib. The fact that differences are apparent in monozygotic pairs indicates that the foetoplacental environment unique to each foetus contributes to adult body composition, besides maternal and genetic influences. In dizygotic twins, the association between intra-pair birth weight difference and intra-pair differences in body composition is even more pronounced compared to monozygotic pairs. This suggests that genetic factors also contribute to both birth weight and adult body composition.
Height, body mass and BMI A positive relation between birth weight and later body mass, height and BMI has been reported repeatedly in children, 7,15 adolescents 2,8,16,17 and adults. 3,18 -21 All these data confirm our findings that, especially height and weight, and to a much lesser extent BMI, are influenced by prenatal life. To our knowledge, the study of Allison et al 18 is the only one that previously used the twin model to examine the association between birth weight and body composition. Birth weight allowed for gestational age (Z-score) (mean and s.d.) for subjects that accumulate 0, 1, 2 or 3 'unhealthy' body composition measures (waist-to-hip-ratio ! median, sum of skinfolds ! median, lean body mass median).
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The correlations they found between birth weight and height (r ¼ 0.24), body mass (r ¼ 0.19) and BMI (r ¼ 0.08) are strikingly similar to ours, respectively 0.25, 0.19 and 0.08. Also the association between the intra-pair differences reveals the same tendencies as found in the present study, with a strong positive correlation between the intra-pair birth weight difference and the intra pair difference of height (P < 0.0005) and weight (P < 0.0005), and not for BMI (P ¼ 0.33). They performed this intra-pair analysis for monozygotic twins only, to examine the influence of the foetoplacental environment while controlling for genetic influences. They concluded that birth weight has an enduring impact on height, but not on adult relative body mass, as measured by BMI. We found that the intra-pair associations were even more pronounced in dizygotic twins compared to monozygotic twins. For example, in twins with ! 15% intrapair birth weight difference the intra-pair differences in height and weight are respectively 4.4 vs 1.9 cm and 7.2 vs 2.7 kg in dizygotic and monozygotic twins. Comparison of monozygotic and dizygotic twins allows evaluation of the influence of genes, besides the prenatal influences. Our findings suggest that, besides intra-uterine influences, genes may contribute to both birth weight and body composition.
Subcutaneous fat and fat distribution
Since BMI is more an indicator for 'heaviness' rather than 'body fatness', 22 these findings do not allow conclusions on body composition and fat distribution. Nevertheless, central fat deposition, more than overall obesity, is known to be associated with the so-called metabolic syndrome, 23 a clustering of dyslipidemia, hypertension, insulin resistance and cardiovascular disease. 9, 10 Our findings are in agreement Birth weight and body composition in twins RJF Loos et al with others, who found an inverse relation between birth weight and subcutaneous fat and abdominal or truncal fat accumulation in adolescents 7, 8 and adults, 4 -6,21 when allowance was made for body mass or BMI. The results of our intrapair analysis suggest that this relationship is independent of genetic influences, as the intra-pair birth weight difference is positively related to lean body mass, and tends to be negatively related to sum of skinfolds and waist-to-hip-ratio in monozygotic twins. For dizygotic twins we found the same tendencies, but even more pronounced, which again suggests that genes may also contribute to the relationship between birth weight and body composition. We also showed that an 'unhealthy' body composition, ie having a higher waist-to-hip-ratio, more subcutaneous fat and less lean body mass, is significantly associated with a lower birth weight compared to the 'healthy' opposite. Since overall and abdominal fatness are major risk factors for many health-related complications, 9,10 the association between birth weight and body composition may mediate the foetal programming of cardiovascular disease and insulin resistance.
The mechanisms underlying the association between an adverse intra-uterine environment and adult body composition are unknown, but several plausible explanations have been proposed. Undernutrition in twins, which may result from limited maternal=placental supply, seems to affect intra-uterine growth mainly in the last trimester of pregnancy, a period that is characterised by a marked weight gain. Undernutrition in this period may lead to a slowing in metabolic rate and in intra-uterine growth, which enhances the foetus's ability to survive. 24 The foetus may reduce its metabolic dependence on glucose and increase oxidation of other substrates, including amino acids. This may not only result in a reduced muscle mass, but also may affect muscle structure and impair carbohydrate metabolism. Magnetic resonance spectroscopy studies showed that people who were thin at birth had lower rates of glycolysis and glycolytic ATP production during exercise. 25 Another possibility is that nutritional deprivation may cause abnormalities intrinsic to the adipocyte and result in excessive accumulation of fat. 12 Human 4, 11, 26 and animal 12 studies have suggested that nutritional deprivation early in pregnancy alter the central regulatory mechanisms of the hypothalamic -pituitaryadrenal axis. Hypersensitivity of this axis seems to be related to abdominal obesity. 9 This is consistent with the findings of the Dutch famine study that exposure to early gestation results in higher body mass, BMI, and waist circumference. 11, 26 This mechanism may not seem to be responsible for the association in twins, as intra-uterine growth in twins slows down in the last trimester of pregnancy. However, Luke et al 27 found that maternal weight gain early in pregnancy contributed significantly to birth weight in twins.
Further, our data suggest that genetic factors, besides the prenatal environment, may influence both birth weight and adult body composition. Also others 13,28 -30 provided evidence for genetic factors underlying the birth weightadult disease association. Hattersley et al 13 showed that a glucokinase mutation reduces foetal growth and also results in hyperglycaemia after birth. Ijzerman et al 28 applied the twin approach to estimate the foetal origins of blood pressure in adolescents. They found an inverse intra-pair relation between birth weight and adult blood pressure in dizygotic but not in monozygotic twins, which suggests that genetic factors may play a role in the birth weight -blood pressure association. However, Stern et al 29 and Ong et al 30 contradicted these findings and suggest that genes that increase birth weight also worsen the metabolic syndrome. More genetic research is required to clarify the direction and the importance of the possible genetic influence. The prenatal programming and the genetic hypothesis are most probably complementary. The adverse prenatal environment may alter the expression of genes that act on prenatal and postnatal life. Even in monozygotic twins, this may result in a difference in gene expression and, as a consequence, cause differences in birth weight and adult anthropometry.
In conclusion, our data suggest that the nutritional deprivation in the intra-uterine period is associated with increased subcutaneous and abdominal fatness and with reduced lean body mass. This association is independent of maternal and genetic factors, since the pair-wise analysis of monozygotic pairs confirms these findings. However, the more pronounced intra-pair differences in dizygotic twins may reflect the influence of genes that act both in prenatal and postnatal life.
